The metabolic effects of graded whole body hypothermia on complete global cerebral ischemia and recirculation was investigated in the cat. Hypothermia was induced to one of three levels prior to ischemia; T = 26.8° ± OSC (n = 4), T = 32.1° ± 0.2°C (n = 5), and T = 34.6° ± 0.3°C (n = 6), and maintained constant throughout 16 min of ischemia and 1.5-2 h of recircula tion. Intracellular cerebral pH and relative concentrations of high-energy phosphate metabolites were continuously monitored, using in vivo 31p nuclear magnetic resonance (NMR) spectroscopy. Except for the first 4 min of isch emia, no significant differences were detected in the re sponse of adenylate intensities and intracellular pH to ischemia and recirculation between the hypothermic groups. The three hypothermic groups were then pooled The effect of whole body hypothermia on cere bral metabolism has a long history (Field et aI., 1944). The possible beneficial effects of hypother mia on cerebral pathophysiological conditions have also been explored (see Siesj6, 1978) . Whole body hypothermia, when applied judiciously, can curtail metabolic changes and lessen cerebral edema and neuropathologic damage associated with hypoxia (Carlsson et aI., 1976; Rosomoff 1959) , and head injury (Shapiro et aI., 1974). Studies on the effect of hypothermia on cerebral ischemia have been per formed on various models of global cerebral isch-141 into one group, and the data compared to previously pub lished data from a normothermic group, T = 38.4° ± 0.6°C (n = 14), and a hyperthermic group, T = 40.6° ± 0.2°C (n = 9), subjected to the identical ischemic and NMR measurement protocols. The hypothermic animals exhibited a statistically significant reduction of cerebral intracellular acidosis, both during ischemia and recircu lation, as well as a more rapid return of adenylate inten sities during recirculation, compared to the normothermic or hyperthermic groups. The data thus suggest that mild hypothermia has an ameliorative affect on brain energy metabolism and intracellular pH under conditions of com plete global cerebral ischemia and recirculation. Key Words: 31p NMR spectroscopy-Cerebral ischemia Hypothermia-Body temperature, and cerebral ischemia. emia, including circulatory arrest, with recircula tion (Marshal et aI., 1956; Kramer et aI., 1968; Ber ing, 1974; Perna et aI., 1973; Wolin et aI., 1973; Hickey, 1985) and without recirculation (Stocker et aI., 1986); the isolated perfused brain (Norwood et aI., 1979); and focal cerebral ischemia (Simeone et aI., 1979; Rosomoff, 1957) . These studies, which were performed at temperatures below 30°C, sug gest that hypothermia results in a reduction in the rate of degradation of brain energy metabolism dur ing the onset of hypothermic ischemia as well as a reduced level of brain tissue acidosis compared with normothermic ischemia. However, the clinical application of hypothermia is limited by adverse ef fects associated with level as well as the duration of hypothermia (Popovic, 1960; Michenfelder and Milde, 1977; Bjork and Hultquist, 1960; Brunberg et aI., 1974; Connolly et aI., 1962; Olesen et aI., 1971).
Summary:
The metabolic effects of graded whole body hypothermia on complete global cerebral ischemia and recirculation was investigated in the cat. Hypothermia was induced to one of three levels prior to ischemia; T = 26.8° ± OSC (n = 4), T = 32.1° ± 0.2°C (n = 5), and T = 34.6° ± 0.3°C (n = 6), and maintained constant throughout 16 min of ischemia and 1.5-2 h of recircula tion. Intracellular cerebral pH and relative concentrations of high-energy phosphate metabolites were continuously monitored, using in vivo 31p nuclear magnetic resonance (NMR) spectroscopy. Except for the first 4 min of isch emia, no significant differences were detected in the re sponse of adenylate intensities and intracellular pH to ischemia and recirculation between the hypothermic groups. The three hypothermic groups were then pooled The effect of whole body hypothermia on cere bral metabolism has a long history (Field et aI., 1944) . The possible beneficial effects of hypother mia on cerebral pathophysiological conditions have also been explored (see Siesj6, 1978) . Whole body hypothermia, when applied judiciously, can curtail metabolic changes and lessen cerebral edema and neuropathologic damage associated with hypoxia (Carlsson et aI., 1976; Rosomoff 1959) , and head injury (Shapiro et aI., 1974) . Studies on the effect of hypothermia on cerebral ischemia have been per formed on various models of global cerebral isch-into one group, and the data compared to previously pub lished data from a normothermic group, T = 38.4° ± 0.6°C (n = 14), and a hyperthermic group, T = 40.6° ± 0.2°C (n = 9), subjected to the identical ischemic and NMR measurement protocols. The hypothermic animals exhibited a statistically significant reduction of cerebral intracellular acidosis, both during ischemia and recircu lation, as well as a more rapid return of adenylate inten sities during recirculation, compared to the normothermic or hyperthermic groups. The data thus suggest that mild hypothermia has an ameliorative affect on brain energy metabolism and intracellular pH under conditions of com plete global cerebral ischemia and recirculation. Key Words: 31p NMR spectroscopy-Cerebral ischemia Hypothermia-Body temperature, and cerebral ischemia. emia, including circulatory arrest, with recircula tion (Marshal et aI., 1956; Kramer et aI., 1968; Ber ing, 1974; Perna et aI., 1973; Wolin et aI., 1973; Hickey, 1985) and without recirculation (Stocker et aI., 1986) ; the isolated perfused brain (Norwood et aI., 1979) ; and focal cerebral ischemia (Simeone et aI., 1979; Rosomoff, 1957) . These studies, which were performed at temperatures below 30°C, sug gest that hypothermia results in a reduction in the rate of degradation of brain energy metabolism dur ing the onset of hypothermic ischemia as well as a reduced level of brain tissue acidosis compared with normothermic ischemia. However, the clinical application of hypothermia is limited by adverse ef fects associated with level as well as the duration of hypothermia (Popovic, 1960; Michenfelder and Milde, 1977; Bjork and Hultquist, 1960; Brunberg et aI., 1974; Connolly et aI., 1962; Olesen et aI., 1971) .
There is evidence that a IO_3°e reduction in body temperature can significantly limit the severity of hypoxic stress (Berntman et al., 1981) . Since the body can readily tolerate a 3°e reduction of temper ature (Marshall et al., 1979) , it would be beneficial to explore the effects of mild hypothermia on cere bral ischemia and recirculation. A recent study (Busto et aI., 1987) has demonstrated a marked pro tective effect on the extent of ischemic neuronal injury, by lowering brain temperature from 36°e to 34°e during ischemia and the first hour of recircu lation.
To further explore the possible protective effects of mild hypothermia on cerebral ischemia, we have measured cerebral intracellular pH and relative concentrations of high-energy phosphate metabo lites during global cerebral ischemia and recircula tion in the cat under conditions of graded mild hy pothermia. Our data suggest that mild hypothermia can have a significant effect in limiting cerebral tis sue acidosis, during both ischemia and recircula tion.
METHODS

Surgical preparation
Conditioned cats weighing between 2.2 and 3.6 kg were used in the experiments. Surgical preparation and induc tion of complete global cerebral ischemia were similar to that previously reported (Chopp et aI., 1987) . Cats were fasted 24 h, with water given ad libitum. Anesthesia was induced with 4% halothane in O2, followed by tracheot omy, i.v. injection of 0.02 mg atropine and 0.08 mg/kg pancuronium bromide, and mechanical ventilation on a volume percentage of between 0.5 and 1.25% halothane, 33% O2, and 66% N20. Ventilation gases were adjusted to maintain blood gases so that P aco2 was within physiolog ical range when measured at 37°C. This is consistent with recommendations by Swan (1984) . Rectal temperature was monitored and controlled at temperatures required by the experimental protocol. Comparison between rectal and esophageal temperatures in five animals revealed temperature differences of ,,;0.2°C over the entire time course of the experiment (Chopp et aI., 1988) . However, rectal temperature is significantly different from brain temperature during ischemia (Busto et aI., 1987; Chopp et aI., 1988) . Both femoral arteries and veins were cannu lated to monitor arterial pressure and blood gases, to sam ple arterial glucose, and to infuse drugs intravenously, as needed. A tourniquet, constructed similarly to a minia ture blood pressure cuff, was wrapped around the neck and inflated to 35 psi to induce 16 min of complete global cerebral ischemia (Nemoto et aI., 1981) . Complete cessa tion of cerebral blood flow during ischemia was con firmed in four animals in our laboratory using radioactive microspheres (unpublished results). Complete ischemia is produced if the systemic arterial pressure is maintained less than 50 mm Hg (Siemkowicz and Gjedde, 1980) . Tri methaphan camyslate (Arfonad, Roche Laboratories, Nutley, NJ, U.S.A.), 4 mg/ml, was given i.v. and titrated to induce rapid systemic arterial hypotension (40-50 mm J Cereb Blood Flow Metab, Vol. 9, No.2, 1989 Hg) immediately prior to cuff inflation. Positive end ex piration pressure was used to maintain systemic arterial hypotension «50 mm Hg) during cuff inflation. Immedi ately prior to cuff deflation, the blood pressure was ele vated and maintained, when necessary, during recircula tion by infusion of norepinephrine (0.1 mg/ml) (Levofed, Winthrop Breon Laboratories, New York, NY, U.S.A.).
Hypothermia
The torso of the animal was shaved, and the animal was placed on a water blanket. The water blanket was insu lated from an aluminum nuclear magnetic resonance (NMR) holder by a 3-inch thick sponge pad and from the animal by an absorbent pad. A water bath recirculator heater Model E-12 Haake, Berlin FRG), connected to a feedback regulated temperature controller (model 73-A YSI, Yellow Springs, Ohio), was used to regulate the animal's temperature if it fell below the required temper ature. A temperature probe was placed rectally. The an imal underwent passive cooling, assisted by blowing air over the exposed body. To achieve temperatures below 30°C over an allotted 1.5 h, it was necessary to employ evaporation cooling; rubbing alcohol was sprayed on the animal. All animals achieved a steady state hypothermic temperature approximately 1.5 h after completion of sur gical preparation.
NMR measurements
A 1.89 T superconducting 60-cm bore magnet with a Bruker Biospec console was used for in vivo 31p NMR studies. Cats were positioned in a nonferromagnetic holder, and placed in the magnet for N MR spectroscopy. A 2.5-cm, two-turn double tuned surface coil (proton and phosphorus resonance) was placed over the parietal cor tex with the skull intact. To eliminate contamination to the NMR spectra, all muscle within 3 cm of the coil was cleared. 31p NMR spectra were obtained using a 40 f.LS effective 90° pulse applied to the coil. Four hundred tran sients were averaged over a 4-min interval. Spectral width was 4,000 Hz.
Prior to cooling, four control spectra were obtained. In all animals, an additional four spectra were obtained im mediately prior to ischemia. Spectra were continuously collected during ischemia and for approximately 2 h of recirculation. NMR spectral parameters calculated, were ratios to preischemic values, of peak heights for phos phocreatine (PCr), inorganic phosphate (Pi), and j3-ATP. Intracellular pH was determined at each 4 min time point by the chemical shift of inorganic phosphate from PCr (Moon and Richards, 1973; Petroff et aI., 1985) . Spectra were processed with a profile correction routine supplied by Bruker (Gordon et aI., 1982) and 10 Hz exponential line broadening.
Experimental protocols
Cats were made hypothermic to one of three levels: T = 26.8 ± OSC, n = 4; T = 32.1 ± 0.2°C, n = 5; T = 34.6 ± 0.3°C, n = 6. Hypothermia was induced to the desired level over a period of 1.5 h. The animals were maintained at this constant hypothermic temperature (±0.2°C) for approximately 1 h prior to ischemia and dur ing ischemia and recirculation. Data from the hypother mic animals will be compared to data from a population of normothermic (n = 14) and hyperthermic animals (n = 9). The normothermic and hyperthermic animals were subjected to the identical experimental procedures as the hypothermic groups, except that the normothermic ani mals were maintained at 38.4 ± 0.6°C and the hyperther mic animals were maintained at 40.6 ± 0.2°C during the duration of the experiment. These data from normother mic and hyperthermic animals have been reported (Chopp et aI., 1988) . Seven of the reported normothermic and the nine hyperthermic experiments were performed interspersed with the hypothermic experiments.
Data analysis
Repeated measures analysis of variance was performed on all NMR measures using Geisser-Greenhouse cor rected p values. PCr, [3-ATP, and Pi values were stan dardized by dividing the value at each time point by the mean of the values obtained at the four preischemic time points. Note, that the value of a NMR parameter at a time point is obtained from 400 transients over a 4-min period. For all analyses, the experiment was divided into three distinct time intervals: preischemia (4 points for control, 4 additional points for hypothermia), ischemia (4 points) and recirculation. Data from six recirculation time points were analyzed; 4, 16, 32, 48, 64, and 96 min. If a statis tically significant interaction between group and time (Neter et aI., 1985) was found in the repeated measures analysis of variance , or if the group effect was statistically significant, analysis of variance (ANOV A) was per formed at each time point, Bonferroni's adjustment for multiple testing was used to determine significance. At each time point where a statistically significant difference was detected between the three groups, Tukey's pairwise comparison was performed to detect which pairs among the groups differed.
Repeated measures ANOV A was initially performed to compare the three hypothermic subgroups. If no interac tion was found, or if no group difference was detected, then the three hypothermic subgroups were pooled, and repeated measures analysis of variance was then per formed to compare the hypothermia, hyperthermia and normothermic groups. Physiological data were obtained prior to ischemia be fore and after cooling, and from five recirculation time points. ANOVA was performed at each time point with Bonferroni's adjustment, followed by Tukey's pairwise comparison where appropriate.
RESULTS
No statistically significant differences in mean ar terial pressure, arterial pH, P aC02, P a02' and serum arterial glucose were found at each time point be tween the three hypothermic groups. The three hy pothermic groups were grouped as one. Table 1 shows the physiological data associated with the hypothermic, hyperthermic, and normothermic populations. In the hyperthermic group, Pao2 mea sured preischemialhyperthermia was lower (p < 0.05) than that for the hypothermic and normother mic groups. At the 16-min recirculation point, the serum arterial glucose concentration in the hypo thermic group was elevated (p < 0.05) compared to the hyperthermic and normothermic groups. Ele vated glucose concentration in the hypothermic groups is consistent with data reported by other in vestigators (Wynn, 1954 (Wynn, , 1956 Hagerdal et al., 1975) . Intragroup comparisons of physiological data revealed few significant differences from control values for each group, except for hyperthermic ar terial pH, which was consistently acidotic during the recirculation period. Figure 1 includes a plot of the intracellular pH during the time course of the experiment for the three hypothermic groups. No statistically signifi cant differences were detected in the relative levels of the high-energy phosphate metabolites and intra cellular pH between the hypothermic groups prior to ischemia, and during recirculation. Statistically significant (p < 0.05) differences were found at the 4-min ischemia time point for pH and PCr; pH at 27°C (6.93 ± 0.06) was higher than pH at 32°C (6.70 ± 0.12), the relative intensity of PCr at 27°C (0.7 1 ± 0.08) was higher than PCr at 32°C (0.54 ± 0.03), and PCr at 32°C was lower than PCr at 35°C (0.67 ± 0.07). Repeated measures analysis of variance of �-ATP failed to detect an interaction. However, ANOV A at 4 min into ischemia, suggested a trend (p = 0. 12) toward differences with relative �-ATP values of 1.0 1 ± 0.15, 0.84 ± 0. 12 and 0.87 ± 0.09 at 27, 32, and 35°C, respectively. Statistically significant differences were found between the three pooled hypothermic, normother mic, and hyperthermic groups, for intracellular pH, �-ATP, PCr, and Pi. Repeated measures analysis of variance did not detect an interaction of intracellu lar pH (p > 0. 12), however a group (p < 0.0001) and a time (p < 0.000 1) difference was detected. ANOV A at each point revealed significant differ ences (p < 0.002) among the three groups. Pairwise comparisons revealed a significantly (p < 0.05) el evated hypothermic pH, compared to normother mic pH at each ischemia time point. Comparison of the hyperthermia to the hypothermia group, re vealed significant (p < 0.05) pH differences at the 4-, 8-, and 16-min time points.
The minimum level to which pH dropped during ischemia was statistically different for the three groups (ANOV A, P < 0.0007), with normothermic, hyperthermic, and hypothermic pH of 6.07 ± 0.22, 6.14 ± 0.34, and 6.42 ± 0. 15, respectively. Pairwise comparisons detected significance between the nor mothermic and hypothermic (p < 0.005) and hypo thermic and hyperthermic (p < 0.05) groups.
During recirculation
Repeated measures analysis of variance revealed a significant interaction of intracellular pH between the time effect and group effect (p = 0.02). ANOV A or Kruskal-Wallis tests for the three groups at each of the six selected time points were performed, depending on the homogeneity of the variances, and revealed a significant difference be tween the groups at all time points (p < 0.005), except for the last one (p > 0.12). Pairwise compar ison between the hypothermic and the normother mic and hyperthermic groups, revealed a signifi cantly elevated pH (p < 0.05) for the hypothermic group at 4 and 16 min of recirculation, compared to the normothermic group, and an elevated hypother-mic pH throughout recirculation compared with the hyperthermic group. Figure 2 shows 31 P NMR spectra from a repre sentative hypothermic, normothermic, and hyper thermic animal at time points prior to ischemia and during ischemia and recirculation. There were no changes observed in the intracellular pH and peak heights of the spectra with heating or cooling prior to ischemia. Normalized values of PCr, I3-ATP, and Pi for the hypothermic, normothermic, and hyper thermic animals at selected ischemia and recircula tion time points are given in Table 2 . PCr and I3-ATP decline to near noise values by the 8-min ischemia time point, therefore only the 4-min isch emia values are included in the table. All groups exhibited a rapid decline in adenylate intensities during ischemia. However, I3-ATP declined more slowly in the hypothermic compared to the normo thermic groups, retaining approximately 90% of control value averaged over 4 min of ischemia. Hy pothermic Pi increased less during the first 8 min of . 2. Representative, 31p spectra from hypothermic (T = 34.6°C) (left), normothermic (middle), and hyperthermic (right) animals. Resonance peaks correspond to; 1. phosphomonoesters; 2. inorganic phosphate; 3. phosphodiesters and sugar phos phates; 4. phosphocreatine; 5. 'Y-ATP; 6. a-ATP, 7. [3-ATP. Peaks 5 and 6 also contain contributions from other adenylates. The illustrated spectra were obtained; immediately prior to ischemia, the first and last 4 min of ischemia and 8 min and 24 min of recirculation. A more rapid return to preischemic values is observed for the hypothermic compared to the normothermic groups. The hyperthermic group failed to return to preischemic values. ischemia than normothermic values. Early recircu lation times exhibited higher PCr and I3-ATP values for hypothermia than normothermic animals. Sig nificant differences (p < 0.05) were found at 4 and 16 min of recirculation for I3-ATP and PCr, respec tively. Hypothermia Pi was significantly diminished during 4 and 32 min of recirculation compared to normothermic values (p < 0.05). Recirculation ATP data from the normothermic group are consistent with data obtained after 10 min of global ischemia in the dog, reported by Steen et al. (1979) . As indi cated in Table 2 and Fig. 2 , hyperthermic adenylate intensities failed to return to preischemic control values and are significantly different from both nor mothermic and hypothermic values.
DISCUSSION
The data suggest that lowering the body temper ature by 3-4°C has a significant ameliorative effect on cerebral intracellular acidosis during ischemia, and tends to promote the rapid return of intracellu lar tissue pH and adenyl ate intensities during recir culation. Of particular interest is that a statistically significant difference was not detected in the re-J Cereb Blood Flow Metab, Vol. 9, No.2. 1989 sponse of adenylate intensities and pH to ischemia and recirculation between the hypothermic groups except at the 4-min time point. The elevated pH, PCr, and I3-ATP (not significant) values at the 4-min ischemia time point at 27°C compared to corre sponding values at higher temperatures may reflect the fact that the rate of energy depletion is related to cerebral metabolic rate, which decreases with tem perature. The lack of difference in metabolic re sponse to ischemia at the various hypothermic tem peratures (>4 min) is consistent with studies that demonstrate that hypothermic nonischemic animals have unaltered concentrations of ATP, ADP, and AMP and only a slight increase in phosphocreatine at temperatures down to 22°C (Hagerdal et al., 1978) . Hypothermia at 34.6°C exhibits similar met abolic response to ischemia and recirculation as does hypothermia at 26.8°C. Thus, as it affects ad enylate concentrations and intracellular pH, there appears to be no significant difference between low grade hypothermia (34.6°C) and "moderate" hypo thermia (26.8°C). This suggests, that if cerebral pro tective effects are evoked at 26.8°C, they may also occur at 34. 6°C.
A significant metabolic protective effect of mild I-3°C hypothermia on cerebral insult, is suggested by Berntman et a!. in a hypoxia model in the rat (Berntman et a!., 1981). They found, that a decrease in body temperature of I-3°C can minimize or pre vent brain energy failure during hypoxia. In other hypoxia studies, brain tissue metabolite levels and the degree of cerebral protection were independent of reduction of body temperature by 5 or lOoC (Keykhah et a!., 1982) . Thus, there is complemen tary evidence that a low grade hypothermia (I-3°C) provides metabolic conservation and reduced aci dosis comparable to that found in moderate hypo thermia (> -lO°C) during hypoxic and ischemic ce rebral insults. The effect of temperature on metabolic response to ischemia is clearly not linear. Hypothermia, whether at 3 or 13°C below control temperature, yields the same moderating effect on tissue acidosis and conservation of phosphate metabolites. Hyper thermia, at 2°C above control temperature, exacer bates acidosis and high-energy phosphate dysfunc tion (Chopp et a!., 1988) . Thus, there are groupings of temperature, straddling normothermia, that pro vide significantly different metabolic responses to global cerebral ischemia. The reasons for the par ticular metabolic responses to thermal perturbation are complex. Physiological parameters that influ ence metabolic events, such as ionic homeostasis (Lantos et a!., 1986; Astrup et a!., 1981) blood-brain barrier permeability (Krantis, 1983; Williams et a!., 1984) , calcium influx (Blackman et aI., 1980) , changes in cerebral blood flow (Steen et a!., 1979) , neurotransmitter release (Boels et al., 1985; Haikala et aI., 1986; Okuda et aI., 1986) , and platelet aggre gation (Nour-Eldin, 1963) , are temperature sensi tive. Thus, modulating these parameters with tem perature yields a network of interdependent meta bolic events that provide metabolic protection over a range (�10°C) of hypothermic temperatures, and metabolic degradation over a much smaller range of hyperthermic temperature. Further investigations are warranted on how each of these processes, act ing independently or in concert, affect metabolic response as a function of temperature.
Biological end points of cerebral protection were not measured in the present study, and therefore conclusions cannot be drawn concerning biological effects of temperature perturbations associated with global cerebral ischemia. However, biological outcome, as measured by changes in electroenceph alographic amplitudes, has been related to meta bolic dysfunction in middle cerebral artery occlu sion in the cat (Komatsumoto et a!., 1987) . There is additional evidence that metabolic profile is associ ated with biological end point. Protective effects of hypothermia on cerebral anoxia have been attrib uted to the lessening of tissue acidosis (Norwood and Norwood, 1982) . Acidosis associated with hy perglycemia has also been implicated to adversely effect the viability of cerebral tissue (Myers and Yamaguchi, 1977; Kalimo et a!., 1981; Shields et aI., 1980; Welsh et a!., 1980) . Thus, observations that fever in stroke patients causes deterioration in neurological function (Hindfelt, 1976; Sytjanen et a!., 1988) and that hypothermia can have a benefi cial effect on the outcome from an ischemic or hyp oxic cerebral insult (Berntman, 1981; Marshall et a!., 1956; Rosomoff, 1957; Wolin et aI., 1973) , may have a metabolic basis.
